Objective-Leptin is anorexigenic, and levels are markedly decreased in women with low body weight and high in obesity. Ghrelin opposes leptin effects on appetite and is negatively associated with body mass index. These appetite regulating hormones may have opposing effects on mood and stress pathways. Women with anorexia nervosa (AN), hypothalamic amenorrhea (HA) and obesity are at increased risk of depression and anxiety. It is unknown whether dysregulation of leptin or ghrelin contribute to the development of depression and/or anxiety in these disorders. We investigated the relationship between leptin and ghrelin levels and symptoms of depression, anxiety and perceived stress in women across the weight spectrum.
Introduction
Levels of leptin, a fat-derived hormone that signals satiety, are markedly decreased in women with low body mass index and high in obesity 1 , while levels of ghrelin, an orexigenic hormone produced in the stomach, are negatively associated with weight and body fat 2 . In addition to hypothalamic satiety centers, receptors for leptin and ghrelin have been identified in limbic areas of the brain that regulate emotion. Recent data suggest that leptin may have antidepressant and anxiolytic properties. In rat models of depression, leptin levels are low and both peripheral and hippocampal administration of leptin improve symptoms 3 . In mice, intraperitoneal administration of leptin ameliorates experimentally induced anxiety-like behaviors 4 . In contrast, acute stress increases ghrelin secretion in rats, and central administration of ghrelin results in anxiety and depression-like behaviors [5] [6] [7] [8] [9] .
Depression and anxiety are common in women with anorexia nervosa (AN) [10] [11] [12] [13] , an illness associated with low weight, body fat and leptin levels 14 and increased secretion of ghrelin 15, 16 . Similarly, there is an increased prevalence of depression and anxiety in normal-weight women with functional hypothalamic amenorrhea (HA) 17 , a disorder also characterized by hypoleptinemia 18, 19 and high ghrelin levels 20 . Recently, obesity has been linked to increased risk of depression and anxiety 21, 22 . It is unknown whether low leptin levels or increased ghrelin secretion contribute to the development of depressive or anxiety disorders in these populations. We performed a cross-sectional study to investigate the relationship between levels of leptin and ghrelin and symptoms of depression and anxiety in these women.
Subject and Methods

Subjects
We studied 64 women: 15 with anorexia nervosa (AN), 12 normal-weight with hypothalamic amenorrhea (HA), 17 overweight or obese (OB), and 20 normal-weight in good health (HC). All subjects were recruited from the community through advertisements and referrals from healthcare providers. Subject characteristics, hormone levels, and in AN, HA and HC, HAM-D and HAM-A scores have been previously reported [23] [24] [25] . However, the relationships between levels of leptin and ghrelin and HAM-D, HAM-A and Perceived Stress scores have not been described.
Subjects with AN met DSM-IV criteria, including intense fear of gaining weight, body image disturbance, weight less than 85% of ideal body weight (IBW) as determined by the 1983 Metropolitan Life tables 26 , and amenorrhea for at least three consecutive months.
HA were 90 to 110% of IBW with a BMI less than 25 and reported amenorrhea for at least three consecutive months. Exclusion criteria included polycystic ovarian syndrome, hyperprolactinemia, premature ovarian failure, and history of anorexia nervosa.
OB had a BMI of 25 to 40 and reported regular menstrual periods. OB reported no significant medical problems or history of amenorrhea, disordered eating, or significant anxiety or depression.
HC were at least 90% of IBW with a BMI less than 25 and reported regular menstrual cycles. HC reported no significant medical problems or history of amenorrhea, disordered eating, or significant anxiety or depression.
All subjects had normal thyroid function tests. Subjects were excluded if they had diabetes mellitus. Additional exclusion criteria included active abuse of drugs or alcohol, use of estrogen, use of depot medroxyprogesterone within six months, and pregnancy or breastfeeding within six months of the study.
Methods
This study was approved by the Institutional Review Boards of Partners Health Care, Inc. Written informed consent was obtained from all subjects prior to any procedures. All subjects were admitted to the Clinical Research Center of Massachusetts General Hospital for a screening visit and a main study visit.
At the screening visit, height, weight and elbow breadth were measured by research dietitians, blood was drawn for screening laboratory tests, and a comprehensive history and physical exam were performed. Exercise patterns and alcohol intake were assessed. Percent ideal body weight was calculated as described above. Body mass index was obtained by dividing the weight in kilograms by the square of height in meters. Frame size was determined by comparing elbow breadth to race-specific norms derived from the US Health and Nutritional Examination Survey-I 26 .
During the main study visit, % IBW and BMI were reevaluated. Medical history and physical exam were performed. HAM-D and HAM-A assessments were administered by trained study personnel, and the Perceived Stress Scale was self-administered. Body composition was assessed by dual-energy X-ray absorptiometry (Hologic 4500, Hologic, Inc., Waltham, MA). This technique has a precision of 3% for fat mass 27 . Fasting leptin and ghrelin levels were obtained at 7:45 am. HC and OB presented for this visit during the follicular phase of the menstrual cycle.
Psychological Measures
The HAM-D is a well-validated, 17-item semi-structured interview that is widely used to measure depressive symptoms in clinical trials and has excellent internal reliability 28 . The HAM-A is a 14-item semi-structured interview with excellent validity and reliability, widely used in clinical trials to assess severity of anxiety symptoms 29 . The Perceived Stress Scale is a validated, reliable 10-item self-administered instrument to assess the level of experienced stress 30 . On all of the psychological measures, higher scores indicate increased symptomatology.
Biochemical Analysis
Serum and plasma samples were stored at -80° C until analysis. Serum leptin levels were measured using a radioimmunoassay (RIA) kit from LINCO Research, a division of Millipore Inc. (St. Charles, MO). The intra-assay CV ranged from 3.4% to 8.3% and the inter-assay CV ranged from 3.6% to 6.3%. The sensitivity was 0.5 ng/mL. Plasma ghrelin levels were measured using an RIA kit from LINCO research, a division of Millipore Inc. The intra-assay CV ranged from 10.0% to 14.4% and the inter-assay CV ranged from 14.7% to 16.7%. The sensitivity was 93 pg/mL.
Data Analysis
JMP Statistical Discoveries (version 5.01; SAS Institute, Inc., Cary, NC) was used for statistical analyses. The log or square root was taken for variables that were not normally distributed. Clinical characteristics, hormone levels, and psychiatric measures were compared using analysis of variance; variables that were significantly different were then compared by Fisher's Least Significant Difference Test. Multiple comparisons were controlled for using Tukey-Kramer. Linear regression analyses were used to investigate the associations between hormone levels and body composition and psychiatric measures. Multivariate least-square analyses were constructed to control for potential confounders.
Stepwise regression analyses were performed to further investigate determinants of psychiatric symptoms. Statistical significance was defined as a two-tailed P-value < 0.05. Data are reported as mean ± SEM.
Results
Subject Characteristics
Subject characteristics are presented in Table 1 . The mean age was 27.7±0.9 yrs and did not differ between groups. As expected, mean weight, BMI, %IBW and %fat were lowest in AN, intermediate in HA and HC, and highest in OB. The total months of amenorrhea did not differ between HA and AN. Two subjects with AN reported current depression, three reported anxiety and four reported both depression and anxiety. One subject with HA reported current depression, one reported anxiety, and one reported both anxiety and depression. Three subjects with AN were taking psychiatric medications: one was taking sertraline; one was taking bupropion, clonazepam, buspirone, and topiramate; and one was taking fluoxetine. One subject with HA was taking psychiatric medications (escitalopram, bupropion). By design, HC and OB did not have any psychiatric diagnoses and were not taking psychiatric medications.
Psychological Measures and Hormone Levels
Results of psychiatric testing and hormone levels are presented in Table 1 . Mean HAM-D and HAM-A scores were increased in AN compared to the other groups, and higher in HA than both OB and HC. Mean Perceived Stress scores were higher in both AN and HA than HC. Scores were considered normal if they were below eight on the HAM-D 31 or below 18 on the HAM-A. For the Perceived Stress Scale, where there is no widely accepted cutoff, we considered scores below 27 to be normal based on normative data in women (within 2 SD of the mean) 30 . HAM-D scores were abnormal in 87% of AN, 33% of HA, 12% of OB and 0% of HC. HAM-A scores were in the normal range in all subjects other than two AN. Perceived Stress scores were normal in all but one AN and one HA. Mean leptin levels were lowest in AN, higher in HC than HA, and highest in OB. Mean ghrelin levels were lower in OB than the other groups.
Associations: Hormone Levels and Psychological Measures
Associations between hormone levels and psychiatric measures are presented in Table 2 . Leptin levels were inversely associated with HAM-D, HAM-A and Perceived Stress Scale scores (Figure 1 ). The relationships between leptin and severity of symptoms of both depression and anxiety were independent of body fat or weight. Mean leptin levels were lower in those subjects who had abnormal HAM-D scores than those with normal scores. This difference remained significant after controlling for fat mass or weight.
Ghrelin levels were positively associated with perceived stress, but were not associated with symptoms of depression or anxiety. After controlling for body fat or weight, the relationship between ghrelin and perceived stress was not significant. Mean ghrelin levels were higher in those subjects who had abnormal HAM-D scores. However, this difference was no longer significant after controlling for fat mass or weight.
We entered leptin, ghrelin and fat mass into a stepwise regression model. Leptin explained 19% of the variance in HAM-D (p=0.0005), 11% of the variance in HAM-A (p=0.008), and 13% of the variance in Perceived Stress (p=0.007) scores. Results were similar when we substituted weight for fat mass in the model: leptin explained 16%, 10% and 12% of the variance in HAM-D, HAM-A and Perceived Stress, respectively.
Discussion
We show that across the weight spectrum, low leptin levels are associated with increased symptoms of depression, independent of body fat or weight. Furthermore, those subjects who had depression based on HAM-D scores had lower levels of leptin than those without depression; this between-group difference remained significant after controlling for fat mass or weight.
In rat models of depression, leptin levels are low and both peripheral and hippocampal administration of leptin improve symptoms 3, 32 . Ob/Ob leptin-deficient mice display increased anxiety behaviors 33 . Intraperitoneal administration of leptin to mice ameliorates experimentally induced anxiety-like behaviors 4 . Although the neural pathways have not been clearly defined, leptin may modulate emotion directly via receptors in limbic areas of the brain. A recent study in mice demonstrated that leptin reduces depressive behaviors through upregulation of brain-derived neurotrophic factor in the hippocampus 32 . An alternate mechanism for the anxiolytic, but not the antidepressant effects of leptin via inhibition of dopaminergic midbrain neurons has been demonstrated in mice 34 . In humans, the relationship between leptin secretion and depression is controversial [35] [36] [37] [38] [39] [40] and there is a lack of data in anxiety. Our findings of an inverse relationship between leptin and symptoms of depression, as well as decreased levels of leptin in subjects with depression, independent of body fat or weight, are consistent with animal literature suggesting that leptin has antidepressant effects. We also report an association between low levels of leptin and increased symptoms of anxiety, independent of fat mass or weight. While this relationship is consistent with data implicating leptin as an anxiolytic hormone, most of the subjects had anxiety scores within the normal range. The negative correlation between leptin and perceived stress also supports the concept of leptin as an anti-stress hormone, though this relationship was no longer significant after controlling for fat mass or weight. In stepwise regression models, leptin but not ghrelin, fat mass, or weight, was a significant predictor of the variance in depressive symptoms.
As expected based on the literature, our sample of overweight and obese women demonstrated increased symptoms of depression compared to healthy lean women despite higher leptin levels. This is consistent with the well-characterized "leptin resistant" state in obesity. A study of mice by Yamada et al. demonstrated that similar to appetite effects, leptin-mediated antidepressive effects are lost in diet-induced obesity. However, following institution of a normal diet and subsequent weight loss, leptin is an effective antidepressant 32 . Taken together, these data suggest that leptin is unlikely to improve depressive symptoms in obese women.
Asakawa et al. first demonstrated in rats that ghrelin expression increased in the setting of stress, and that administration of ghrelin had an anxiogenic effect 9 . Others have confirmed that central ghrelin administration increases anxiety-like behaviors and also depressive-like behaviors in rats 6, 8 . Interestingly, there is evidence that orexigenic properties of ghrelin may be mediated through serotoninergic pathways. In rats, ghrelin inhibits hypothalamic serotonin release, and peripheral administration of an SSRI blocks ghrelin-mediated increases in food intake 41, 42 . It is possible, therefore, that ghrelin modulates emotion through inhibition of central serotonin release. Ghrelin also activates the hypothalamicpituitary-adrenal axis 41 , which may promote symptoms of anxiety and depression. Several studies of humans suggest that ghrelin secretion is not altered in depression [43] [44] [45] , and there is no data on ghrelin in anxiety. We found that in women with depression based on HAM-D scores, ghrelin levels were increased. However, this relationship was no longer significant after controlling for body fat or weight. There was no association between ghrelin levels and symptoms of depression or anxiety. Higher ghrelin was associated with greater perceived stress, but this was also dependent on body fat and weight. Overall, our data on the relationship between ghrelin and psychiatric symptomatology were less convincing than our findings regarding leptin.
Our study has several limitations. This is a cross-sectional investigation, and therefore causality cannot be determined. Sample sizes of the individual groups were small. In addition, we measured total ghrelin, not active ghrelin, which is unstable and requires special collection and handling 46 . It is possible that we would have seen more robust relationships between ghrelin and measures of psychiatric symptomatology if we had assayed the active form of ghrelin. Psychiatric disease was part of the exclusion criteria for normal-and overweight/obese healthy subjects. Therefore, the symptoms of depression and anxiety in our sample were less than one would expect in the general population.
In summary, we show that low leptin levels are associated with increased symptoms of depression in women across the weight spectrum. Subjects with abnormal depression scores had lower levels of leptin than those with normal depression scores. Both of these findings were independent of body fat or weight. We also demonstrate an inverse relationship between leptin and anxiety symptoms, independent of body fat and weight, though most scores were in the normal range. These data support animal studies implicating leptin as a neurotrophic hormone with antidepressant and anxiolytic effects. Further investigation administering leptin to humans will be important in determining whether this hormone has a potential role in treatment of depression and/or anxiety. Relationship between leptin and symptoms of depression, anxiety and perceived stress in all groups. Leptin levels were inversely associated with HAM-D (A), HAM-A (B), and Perceived Stress (C) scores.
